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❧❛r❣❡ ✇❤✐❝❤ ♠❛② r❡s✉❧t ✐♥ ❝♦♥s✐❞❡r❛❜❧❡ ♥❡❣❛t✐✈❡ ✐♠♣❛❝ts ♦♥ ❤✉♠❛♥ ❤❡❛❧t❤ ✐♥ ✐♥❞♦♦r
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♦❢ ❝♦♦❦✐♥❣ ❡♠✐ss✐♦♥s ✐♥ ❛♠❜✐❡♥t ❛✐r ✐s ❞✐s❝✉ss❡❞✳
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❈♦♦❦✐♥❣ ❤❛s r❡❝❡♥t❧② ❜❡❡♥ ✐❞❡♥t✐✜❡❞ ❛s ❛ ♠❛❥♦r ♣♦❧❧✉t✐♦♥ s♦✉r❝❡ ✐♥ ♦✉t❞♦♦r ✉r❜❛♥ ❡♥✈✐✲
r♦♥♠❡♥ts✱✶✕✹ ❛♥❞ ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ♦♣❡♥ s♦❧✐❞ ❢✉❡❧ ❜✉r♥✐♥❣ ✐s ❣❡♥❡r❛❧❧② r❡❝♦❣♥✐③❡❞ ❛s t❤❡
♠❛✐♥ s♦✉r❝❡ ♦❢ ♦r❣❛♥✐❝ ❛❡r♦s♦❧ ✐♥ ✐♥❞♦♦r ❡♥✈✐r♦♥♠❡♥ts✳✺ ❈♦♦❦✐♥❣ ❢✉♠❡s ♥❡❣❛t✐✈❡❧② ✐♠♣❛❝t
❤✉♠❛♥ ❤❡❛❧t❤ ❡✳❣✳ ❜② ✐♥❝r❡❛s✐♥❣ t❤❡ r✐s❦ ♦❢ ❝❛♥❝❡r ❢♦r ♣r♦❢❡ss✐♦♥❛❧ ❝❤❡❢s✳✻ ❆ r❡❝❡♥t st✉❞②
❝♦♥❞✉❝t❡❞ ♦♥ ♥♦♥✲s♠♦❦✐♥❣ ❈❤✐♥❡s❡ ✇♦♠❡♥ s❤♦✇s t❤❛t ❝♦♦❦✐♥❣ ✐♥❝r❡❛s❡s t❤❡ r✐s❦ ♦❢ ❧✉♥❣
❝❛♥❝❡r✳✼ ❉❡s♣✐t❡ ♥✉♠❡r♦✉s ❛❡r♦s♦❧ ♠❛ss s♣❡❝tr♦♠❡tr② st✉❞✐❡s r❡♣♦rt✐♥❣ t❤❡ ❛♠♦✉♥t ❛♥❞
❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ♣r✐♠❛r② ♦r❣❛♥✐❝ ❛❡r♦s♦❧ ❡♠✐tt❡❞ ❞✉r✐♥❣ ❝♦♦❦✐♥❣ ❛❝t✐✈✐t✐❡s✽✕✶✷ ♦♥❧②
❢❡✇ st✉❞✐❡s ❤❛✈❡ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ❛ss♦❝✐❛t❡❞ ♥♦♥✲♠❡t❤❛♥❡ ♦r❣❛♥✐❝ ❣❛s❡s ✭◆▼❖●✮✳ ❙❝❤❛✉❡r
❡t ❛❧✳✶✸ r❡♣♦rt❡❞ ✈♦❧❛t✐❧❡ ♦r❣❛♥✐❝ ❝♦♠♣♦✉♥❞ ✭❱❖❈✮ ❡♠✐ss✐♦♥s ❢r♦♠ ✇❡st❡r♥ st②❧❡ ❝♦♦❦✐♥❣
✭❡✳❣✳ ♠❡❛t ❝❤❛r❜r♦✐❧✐♥❣✮ ❛♥❞ ❍✉❛♥❣ ❡t ❛❧✳✻ ❢r♦♠ ❝♦♦❦✐♥❣ ❆s✐❛♥ st②❧❡ ❞✐s❤❡s✳ ❖t❤❡r st✉❞✐❡s
♠❡❛s✉r❡❞ t❤❡ ❡♠✐ss✐♦♥s ❛t t❤❡ ❡①tr❛❝t✐♦♥ st❛❝❦ ♦❢ r❡st❛✉r❛♥ts ✐♥ ▼❡①✐❝♦✱✶✹ P♦rt✉❣❛❧✶✺ ♦r
❍♦♥❣ ❑♦♥❣✳✶✻ ❲❤✐❧❡ st❛❝❦✲❜❛s❡❞ st✉❞✐❡s ♣r♦✈✐❞❡ ✈❛❧✉❛❜❧❡ ❞❛t❛ ❢♦r t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢
t❤❡ ❜✉❧❦ ❝♦♦❦✐♥❣ ❡♠✐ss✐♦♥s ❛t ❧❛r❣❡✱ s✉❝❤ ❛ s❡tt✐♥❣ ✐s ♥♦t ✇❡❧❧ s✉✐t❡❞ ❢♦r t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢
t❤❡ ❡♠✐ss✐♦♥s ❢r♦♠ ❞✐✛❡r❡♥t ❝♦♦❦✐♥❣ ♣r♦❝❡ss❡s✳ ❆❞❞✐t✐♦♥❛❧❧② t❤❡s❡ st✉❞✐❡s ❛r❡ ♦❢t❡♥ ✉♥❛❜❧❡ t♦
✷
❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ ❡♠✐ss✐♦♥s ❢r♦♠ t❤❡ ❢♦♦❞ ✐ts❡❧❢ ❛♥❞ ❡♠✐ss✐♦♥s ❢r♦♠ t❤❡ ❤❡❛t✐♥❣ s♦✉r❝❡✳✶✼
❲❤✐❧❡ s♦♠❡ ♦❢ t❤❡ ✐❞❡♥t✐✜❡❞ ♣❛rt✐❝❧❡ ❛♥❞ ❣❛s ♣❤❛s❡ ♣r♦❞✉❝ts ❤❛✈❡ ❜❡❡♥ ✉s❡❞ ❛s ♠❛r❦❡rs ❢♦r
t❤❡ q✉❛♥t✐✜❝❛t✐♦♥ ♦❢ ❝♦♦❦✐♥❣ ❡♠✐ss✐♦♥s ✐♥ ❛♠❜✐❡♥t ❛✐r✱ t❤❡r❡ ❛r❡ ❧❛r❣❡ ✉♥❝❡rt❛✐♥t✐❡s r❡❧❛t❡❞
t♦ t❤❡ r❡❧❛t✐✈❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡s❡ ♠❛r❦❡rs ❛♥❞ t❤❡✐r r❡❛❝t✐✈✐t②✳✶✽✱✶✾ ❆ ♣❛rt ♦❢ t❤❡s❡ ✉♥✲
❝❡rt❛✐♥t✐❡s ♠❛② ❜❡ r❡❧❛t❡❞ t♦ t❤❡ ✈❛r✐❛❜✐❧✐t② ✐♥ t❤❡ ❡♠✐ss✐♦♥ ❝♦♠♣♦s✐t✐♦♥ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡
❝♦♦❦✐♥❣ ♣r♦❝❡ss ❛♣♣❧✐❡❞ ❛♥❞ t❤❡ t②♣❡ ♦❢ ❢♦♦❞ ❝♦♦❦❡❞✳ ❚❤✐s ✐❧❧✉str❛t❡s t❤❡ ♥❡❡❞ ❢♦r ❛ s②st❡♠✲
❛t✐❝ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❡♠✐ss✐♦♥ ❢r♦♠ ❞✐✛❡r❡♥t ❝♦♦❦✐♥❣ ♣r♦❝❡ss❡s✳ ❚❤✐s st✉❞② ✐s t❤❡ ✜rst
❞❡t❛✐❧❡❞ ❝♦♠♣❛r✐s♦♥ ♦❢ ◆▼❖● ❡♠✐ss✐♦♥ ❢❛❝t♦rs ❛♥❞ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❛ ❜r♦❛❞ ✈❛r✐❡t②
♦❢ ❝♦♦❦✐♥❣ t❡❝❤♥✐q✉❡s ✐♥❝❧✉❞✐♥❣ ❜♦✐❧✐♥❣✱ ❝❤❛r❜r♦✐❧✐♥❣✱ s❤❛❧❧♦✇ ❢r②✐♥❣ ❛♥❞ ❞❡❡♣ ❢r②✐♥❣ ♦❢ ❞✐✛❡r✲
❡♥t t②♣❡s ♦❢ ❢♦♦❞ ✭✈❡❣❡t❛❜❧❡s ❛♥❞ ♠❡❛ts✮ ✉♥❞❡r ❞✐✛❡r❡♥t ❝♦♦❦✐♥❣ ❝♦♥❞✐t✐♦♥s ✉s✐♥❣ t❤❡ ❤✐❣❤❧②
s❡♥s✐t✐✈❡ ♣r♦t♦♥ tr❛♥s❢❡r r❡❛❝t✐♦♥ t✐♠❡✲♦❢✲✢✐❣❤t ♠❛ss s♣❡❝tr♦♠❡t❡r ✭P❚❘✲❚♦❋✲▼❙✮ ❛❧♦♥❣s✐❞❡




▲❛❜♦r❛t♦r② ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ❛t t❤❡ P❛✉❧ ❙❝❤❡rr❡r ■♥st✐t✉t❡✱ ❱✐❧❧✐❣❡♥✱ ❙✇✐t③❡r✲
❧❛♥❞✳ ❚❤❡ ❢♦♦❞ ✇❛s ❝♦♦❦❡❞ ✐♥ ❛ ♣❛♥ ♦♥ ❛♥ ❡❧❡❝tr✐❝ ❤❡❛t✐♥❣ ♣❧❛t❡ s✐t✉❛t❡❞ ✐♥ ❛ ✻✵ ▲ ♠❡t❛❧
❤♦✉s✐♥❣✳ ❆♣♣r♦①✐♠❛t❡❧② ✷ Lmin✲1 ♦✉t ♦❢ t❤❡ t♦t❛❧ ✢♦✇ ✭✶✹ Lmin✲1✮ ❣♦✐♥❣ t❤r♦✉❣❤ t❤❡
❤♦✉s✐♥❣ ✇❛s ❞✐❧✉t❡❞ ✇✐t❤ ③❡r♦ ❛✐r ✭✼✸✼✲✷✺✵ s❡r✐❡s✱ ❆❆❉❈❖ ■♥str✉♠❡♥ts✱ ■♥❝✳✱ ❯❙❆✮ t❤r♦✉❣❤
t✇♦ s❡q✉❡♥t✐❛❧ t❡♠♣❡r❛t✉r❡ ❝♦♥tr♦❧❧❡❞ ❡❥❡❝t♦r ❞✐❧✉t❡rs ✭❉❡❦❛t✐ ▲t❞✳✱ ❑❛♥❣❛s❛❧❛✱ ❋✐♥❧❛♥❞✮✱
❛❝❤✐❡✈✐♥❣ ❛ ✜♥❛❧ ❞✐❧✉t✐♦♥ r❛t✐♦ ♦❢ ❛♣♣r♦①✐♠❛t❡❧② ✶✿✶✵✵✳ ❚❤❡ ♠❡t❛❧ ❤♦✉s✐♥❣ ✇❛s ❞❡s✐❣♥❡❞ t♦
♣r♦✈✐❞❡ ❛ ❢❛st r❡s♣♦♥s❡ t✐♠❡ ✐✳❡✳ ❡q✉✐❧✐❜r✐✉♠ ✇❛s r❡❛❝❤❡❞ r❛♣✐❞❧② ✭❋✐❣✳ ❙✶✮ ✇✐t❤ r❡s✐❞❡♥❝❡
t✐♠❡s ♦❢ t❤❡ ❣❛s❡s ✐♥ ❜♦t❤ t❤❡ ♠❡t❛❧ ❝♦♥t❛✐♥♠❡♥t ❛♥❞ t❤❡ s❛♠♣❧✐♥❣ ✐♥❧❡t ♦❢ ❁✶✷✵s ❛♥❞ ❁✶✵s✱
r❡s♣❡❝t✐✈❡❧②✳ ●❛s ♣❤❛s❡ ◆▼❖● ❡♠✐ss✐♦♥s ✇❡r❡ ♠❡❛s✉r❡❞ ✇✐t❤ ❛ ♣r♦t♦♥ tr❛♥s❢❡r r❡❛❝t✐♦♥
t✐♠❡✲♦❢✲✢✐❣❤t ♠❛ss s♣❡❝tr♦♠❡t❡r ✭P❚❘✲❚♦❋✲▼❙✮✳ ▼❡t❤❛♥❡✱ ✇❤✐❝❤ ✐s ♥♦t ❡♠✐tt❡❞ ❜② ❝♦♦❦✐♥❣
✸
♣r♦❝❡ss❡s✱ ✇❛s ♠❡❛s✉r❡❞ ✉s✐♥❣ ❝❛✈✐t② r✐♥❣✲❞♦✇♥ s♣❡❝tr♦s❝♦♣② ✭●✷✹✵✶✱ P✐❝❛rr♦✱ ■♥❝✳✮✱ ❜❡❢♦r❡
❛♥❞ ❛❢t❡r ❞✐❧✉t✐♦♥ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡①❛❝t ❞✐❧✉t✐♦♥ r❛t✐♦✳ ■♥ t♦t❛❧✱ ✾✺ ❡①♣❡r✐♠❡♥ts ✇❡r❡ ❝♦♥✲
❞✉❝t❡❞ ✐♥❝❧✉❞✐♥❣ ❤❡❛t✐♥❣ ♦❢ ✈❡❣❡t❛❜❧❡ ♦✐❧s✱ ❜♦✐❧✐♥❣ ♦❢ ✈❡❣❡t❛❜❧❡s✱ ❝❤❛r❜r♦✐❧✐♥❣ ♦❢ ♠❡❛t✱ s❤❛❧❧♦✇
❢r②✐♥❣ ♦❢ ♠❡❛t ♦r ✈❡❣❡t❛❜❧❡s ❛♥❞ ❞❡❡♣ ❢r②✐♥❣ ♦❢ ✜s❤ ❛♥❞ ♣♦t❛t♦✳ ❆ ❧✐st ♦❢ ❛❧❧ ❡①♣❡r✐♠❡♥ts
❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ ❝♦♥❞✐t✐♦♥s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ s✉♣♣❧❡♠❡♥t❛r② ✐♥❢♦r♠❛t✐♦♥ ✭❚❛❜✳ ❙✶ ❛♥❞
❙✷✮✳ ❆❧❧ ❡①♣❡r✐♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉♥❞❡r ❝♦♥tr♦❧❧❡❞ ❝♦♥❞✐t✐♦♥s ✉s✐♥❣ ❝♦♦❦✐♥❣ t✐♠❡s ❛♥❞
t❡♠♣❡r❛t✉r❡s ❛s r❡♣♦rt❡❞ ✐♥ ❝♦♦❦ ❜♦♦❦s ❛♥❞ t❤❡ ❢♦♦❞ ✇❛s ❛❞❞❡❞ t♦ t❤❡ ❛❧r❡❛❞② ❤♦t ♦✐❧s✳ ❚❤❡
♣❛r❛♠❡t❡rs ❡①♣❧♦r❡❞ ✐♥❝❧✉❞❡ ❞✐✛❡r❡♥t ❢♦♦❞s✱ ❝♦♦❦✐♥❣ ♠❡t❤♦❞s✱ t❡♠♣❡r❛t✉r❡s ❛♥❞ ✈❡❣❡t❛❜❧❡
♦✐❧s ✉s❡❞ ❢♦r ❢r②✐♥❣✳
P❚❘✲❚♦❋✲▼❙
❆ P❚❘✲❚❖❋✲✽✵✵✵ ✭■♦♥✐❝♦♥ ❆♥❛❧②t✐❦ ●❡s✳♠✳❜✳❍✳✱ ■♥♥s❜r✉❝❦✱ ❆✉str✐❛✮ ♦♣❡r❛t✐♥❣ ✐♥ ❍✸❖
✰
♠♦❞❡ ✇❛s ✉s❡❞✳ ■♥ t❤✐s ♠♦❞❡✱ t❤❡ P❚❘✲❚♦❋✲▼❙ ♠❡❛s✉r❡s ◆▼❖● ✇✐t❤ ❛ ♣r♦t♦♥ ❛✣♥✐t②
❤✐❣❤❡r t❤❛♥ t❤❛t ♦❢ ✇❛t❡r✳ ❚❤❡ s❛♠♣❧❡ ✐s ✐♥tr♦❞✉❝❡❞ ✐♥t♦ ❛ ❞r✐❢t t✉❜❡ ❛♥❞ t❤❡♥ ♣r♦t♦♥❛t❡❞
✇✐t❤ ❍✸❖
✰ ✐♦♥s ♣r♦❞✉❝❡❞ ❢r♦♠ ✇❛t❡r ✈❛♣♦✉r ✐♥ ❛ ❤❛❧❧♦✇ ❝❛t❤♦❞❡ ✐♦♥ s♦✉r❝❡✳ ❚❤❡ ♣r♦t♦✲
♥❛t❡❞ ◆▼❖● ❛r❡ ❞❡t❡❝t❡❞ ✉s✐♥❣ ❛ t✐♠❡✲♦❢✲✢✐❣❤t ♠❛ss s♣❡❝tr♦♠❡t❡r ✭❚♦❢✇❡r❦ ❆●✱ ❚❤✉♥✱
❙✇✐t③❡r❧❛♥❞✮✳ ❆ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ✐♥str✉♠❡♥t ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ●r❛✉s ❡t ❛❧✳✷✵ ❛♥❞
❏♦r❞❛♥ ❡t ❛❧✳✷✶ ❋♦r t❤❡ ✷✵✶✷ ❡①♣❡r✐♠❡♥ts✱ t❤❡ P❚❘✲❚♦❋✲▼❙ ♦♣❡r❛t❡❞ ✇✐t❤ ❛ ❞r✐❢t ✈♦❧t❛❣❡
♦❢ ✹✽✵ ❱✱ ❛ ❝❤❛♠❜❡r t❡♠♣❡r❛t✉r❡ ♦❢ 80 ◦C ❛♥❞ ❛ ❞r✐❢t ♣r❡ss✉r❡ ♦❢ ✷✳✷ ♠❜❛r r❡s✉❧t✐♥❣ ✐♥ ❛
r❡❞✉❝❡❞ ❡❧❡❝tr✐❝ ✜❡❧❞ ✭❊✴◆✮ ♦❢ ❛❜♦✉t ✶✷✵ t❞✳ ■♥ ✷✵✶✹ ❛♥❞ ✷✵✶✺✱ t❤❡ ❞r✐❢t ✈♦❧t❛❣❡ ✇❛s ✺✹✺ ❱✱
t❤❡ ❝❤❛♠❜❡r t❡♠♣❡r❛t✉r❡ 60 ◦C ❛♥❞ t❤❡ ❞r✐❢t ♣r❡ss✉r❡ ✷✳✷ ♠❜❛r ❛❧s♦ r❡s✉❧t✐♥❣ ✐♥ ❛♥ ❊✴◆ ♦❢
✶✷✵ t❞✳ ❚❤❡ t✐♠❡ r❡s♦❧✉t✐♦♥ ✇❛s ✷ ♠✐♥ ✐♥ ✷✵✶✷ ❛♥❞ ✶✵ s ✐♥ ✷✵✶✹ ❛♥❞ ✷✵✶✺✳ ❚❤❡ ❡①tr❛❝t✐♦♥
✈♦❧t❛❣❡ ✭❯❞①✮ ✇❛s ✸✺ ❱ ❢♦r ❛❧❧ ❝❛♠♣❛✐❣♥s✳ ❚❤❡ ♠❛ss r❡s♦❧✉t✐♦♥✱ ❛s ✇❡❧❧ ❛s t❤❡ ♠❛ss ❛❝❝✉r❛❝②
❛♥❞ t❤❡ r❡❧❛t✐✈❡ tr❛♥s♠✐ss✐♦♥ ❡✣❝✐❡♥❝②✱ ✇❡r❡ r♦✉t✐♥❡❧② ✈❡r✐✜❡❞ ✉s✐♥❣ ❛ ❚❖✲✶✹❆ ❛r♦♠❛t✐❝s
❣❛s st❛♥❞❛r❞ ♠✐①t✉r❡ ✭✶✵✵ ppbV ❡❛❝❤ ✐♥ ♥✐tr♦❣❡♥✮ ✐♥ ✷✵✶✷ ❛♥❞ ✉s✐♥❣ ❛ ✶✷ ❝♦♠♣♦✉♥❞ ❣❛s
st❛♥❞❛r❞ ✐♥❝❧✉❞✐♥❣ ❛❧❞❡❤②❞❡s✱ ❦❡t♦♥❡s ❛♥❞ ❛r♦♠❛t✐❝s ❢r♦♠ ♠✴③ ✹✺ t♦ ♠✴③ ✶✽✶ ✭✶✵✵ ppbV
❡❛❝❤ ✐♥ ♥✐tr♦❣❡♥✮ ✐♥ ✷✵✶✹ ❛♥❞ ✷✵✶✺✳ ❉❛t❛ ✇❛s ❛♥❛❧②③❡❞ ✉s✐♥❣ t❤❡ ❚♦❢✇❛r❡ ♣♦st✲♣r♦❝❡ss✐♥❣
✹
s♦❢t✇❛r❡ ✭✈❡rs✐♦♥ ✷✳✹✳✷✱ ❚❖❋❲❊❘❑ ❆●✱ ❚❤✉♥✱ ❙✇✐t③❡r❧❛♥❞❀ P❚❘ ♠♦❞✉❧❡ ❛s ❞✐str✐❜✉t❡❞
❜② ■♦♥✐❝♦♥ ❆♥❛❧②t✐❦ ●♠❜❍✱ ■♥♥s❜r✉❝❦✱ ❆✉str✐❛✮✱ r✉♥♥✐♥❣ ✐♥ t❤❡ ■❣♦r Pr♦ ✻✳✸ ❡♥✈✐r♦♥♠❡♥t
✭❲❛✈❡♠❡tr✐❝s ■♥❝✳✱ ▲❛❦❡ ❖s✇❡❣♦✱ ❖❘✱ ❯❙❆✮✳
❊✈❡♥ t❤♦✉❣❤ ♣r♦t♦♥❛t✐♦♥ ✇✐t❤ ❍✸❖
✰ ✐s ❝♦♥s✐❞❡r❡❞ ❛ s♦❢t ✐♦♥✐③❛t✐♦♥ t❡❝❤♥✐q✉❡✱ ❢r❛❣♠❡♥✲
t❛t✐♦♥ ❝❛♥ st✐❧❧ ♦❝❝✉r ❢♦r ♠❛♥② ❝♦♠♣♦✉♥❞s ♣r❡s❡♥t ✐♥ ❝♦♦❦✐♥❣ ❡♠✐ss✐♦♥s ✭❡✳❣✳✱ ❛❧❞❡❤②❞❡s✱
❛❧❝♦❤♦❧s✮✳ ❆❧t❤♦✉❣❤ ❢r❛❣♠❡♥t❛t✐♦♥ ♣❛tt❡r♥s ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ ❢♦r s♦♠❡ ♦❢ t❤❡ ❞❡t❡❝t❡❞
❝♦♠♣♦✉♥❞s✱ t❤❡s❡ ♣❛tt❡r♥s ❛r❡ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ s♣❡❝✐✜❝ ❝♦♥❞✐t✐♦♥s ✐♥ t❤❡ P❚❘✲❚♦❋✲▼❙
❞r✐❢t t✉❜❡✳✷✷✕✷✹ ❚❤❡r❡❢♦r❡ ❢r❛❣♠❡♥t❛t✐♦♥ ♣❛tt❡r♥s ❢♦r t❤❡ ♠♦st ❛❜✉♥❞❛♥t ❝♦♠♣♦✉♥❞s ✇❡r❡
❞❡t❡r♠✐♥❡❞ ❜② ❤❡❛❞s♣❛❝❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ♣✉r❡ st❛♥❞❛r❞s ✇✐t❤ t❤❡ P❚❘✲❚♦❋✲▼❙✱ ✉♥✲
❞❡r t❤❡ ❝♦♥❞✐t✐♦♥s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✳ ❉✉❡ t♦ t❤❡ s✐♠✐❧❛r ❊✴◆ ❞✉r✐♥❣ ❜♦t❤ ♠❡❛s✉r❡♠❡♥t ♣❡r✐♦❞s
❛ s✐♠✐❧❛r ❢r❛❣♠❡♥t❛t✐♦♥ ♣❛tt❡r♥ ✐s ❡①♣❡❝t❡❞✳ ❆❧❧ ❢r②✐♥❣ ❞❛t❛ ❤❛s ❜❡❡♥ ❝♦rr❡❝t❡❞ ❢♦r ❢r❛❣♠❡♥✲
t❛t✐♦♥✱ ❛s s❤♦✇♥ ✐♥ t❤❡ ✐♥ t❤❡ s✉♣♣❧❡♠❡♥t❛r② ✐♥❢♦r♠❛t✐♦♥ ✭❚❛❜✳ ❙✸✮✳ ❊①❛♠♣❧❡s ♦❢ ❝♦rr❡❝t❡❞
❣❛s✲♣❤❛s❡ ♠❛ss s♣❡❝tr❛ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶ ❢♦r t❤❡ ❞✐✛❡r❡♥t ♦✐❧s ✉s❡❞✳ ❋♦r t❤❡ ❝♦rr❡❝t✐♦♥✱
t❤❡ ❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡s ✭s❡❡ ❢r❛❣♠❡♥t❛t✐♦♥ t❛❜❧❡✮ ✇❡r❡ s✉❜tr❛❝t❡❞ ❢r♦♠ t❤❡ ❢r❛❣♠❡♥t ✐♦♥s ❛♥❞
❛❞❞❡❞ t♦ t❤❡ ♣❛r❡♥t ✐♦♥s✳ ❖♥❧② ♥❡❣❧✐❣✐❜❧❡ ❛♠♦✉♥ts ♦❢ ❢r❛❣♠❡♥ts ❛r❡ ❧❡❢t ✐♥ t❤❡ s♣❡❝tr❛ ❛❢t❡r
❝♦rr❡❝t✐♥❣ t❤❡ ❛❧❞❡❤②❞❡s ❢♦r ❢r❛❣♠❡♥t❛t✐♦♥✱ t❤✉s ❢✉rt❤❡r ❢r❛❣♠❡♥t❛t✐♦♥ ❝♦rr❡❝t✐♦♥s ✭❡✳❣✳ ❢♦r
❛❧❝♦❤♦❧s✮ ✇♦✉❧❞ ♦♥❧② s❧✐❣❤t❧② ❝❤❛♥❣❡ t❤❡ ❡♠✐ss✐♦♥ ❢❛❝t♦rs ❛♥❞ ✇❡r❡ ♥♦t ♣❡r❢♦r♠❡❞✳ ❚❤❡ ♠✐①✲
✐♥❣ r❛t✐♦s ✐♥ ppbV ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛s ❞❡s❝r✐❜❡❞ ❡❧s❡✇❤❡r❡
✷✺ ✉s✐♥❣ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ s✐❣♥❛❧
♦❢ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ✐♦♥s ✭❈✰✮ ❛♥❞ t❤❡ s✐❣♥❛❧ ♦❢ t❤❡ r❡❛❣❡♥t ✐♦♥ ✭❍✸❖
✰✮ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t
t❤❡ ❞r✐❢t ✈♦❧t❛❣❡ ✭Udrift✮✱ ❞r✐❢t t❡♠♣❡r❛t✉r❡ ✭Tact✮ ❛♥❞ t❤❡ ❞r✐❢t ♣r❡ss✉r❡ ✭pact✱✮ ❛s ✇❡❧❧ ❛s
t❤❡ r❡❛❝t✐♦♥ r❛t❡ ♦❢ t❤❡ ✐♦♥ ✇✐t❤ t❤❡ ❍✸❖
✰ ✐♦♥ ✭❦✮ ❛♥❞ t❤❡ tr❛♥s♠✐ss✐♦♥ ♦❢ t❤❡ ❝♦♠♣♦✉♥❞


















▲✐t❡r❛t✉r❡ ❦ ✈❛❧✉❡s ✇❡r❡ ❛♣♣❧✐❡❞ ✇❤❡r❡ ❛✈❛✐❧❛❜❧❡✳✷✻ ❖t❤❡r✇✐s❡ ❛ r❡❛❝t✐♦♥ r❛t❡ ♦❢ k = 3×
10✲9 cm3s✲1 ✇❛s ❛ss✉♠❡❞ ❢♦r ❝❛r❜♦♥②❧ ❝♦♠♣♦✉♥❞s ❛♥❞ ❛ r❡❛❝t✐♦♥ r❛t❡ ♦❢ k = 2×10✲9 cm3s✲1 ❢♦r
✺
❛❧❧ ♦t❤❡r ❝♦♠♣♦✉♥❞s ✭❚❛❜✳ ❙✹✮✳ ❲❛t❡r ❝❧✉st❡rs ✇❡r❡ ❛❧✇❛②s ❧❡ss t❤❛♥ ✺✪ ♦❢ t❤❡H3O
+ ✐♦♥ ❛♥❞
t❤❡r❡❢♦r❡ ♥♦t ❝♦♥s✐❞❡r❡❞ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ▼✐①✐♥❣ r❛t✐♦s ✇❡r❡ ❝♦♥✈❡rt❡❞ t♦ ❝♦♥❝❡♥tr❛t✐♦♥s
❜② ♠✉❧t✐♣❧②✐♥❣ t❤❡ ♠✐①✐♥❣ r❛t✐♦ ♦❢ ❡❛❝❤ ✐♦♥ ❜② t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠♦❧❛r ♠❛ss ❛♥❞ ❞✐✈✐❞✐♥❣
❜② t❤❡ ♠♦❧❛r ✈♦❧✉♠❡ ✉♥❞❡r st❛♥❞❛r❞ ❝♦♥❞✐t✐♦♥s✳
❊♠✐ss✐♦♥ ❢❛❝t♦r ❝❛❧❝✉❧❛t✐♦♥
❇❡❢♦r❡ ❝❛❧❝✉❧❛t✐♥❣ ❡♠✐ss✐♦♥ ❢❛❝t♦rs ✭❊❋✮ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❜❛❝❦❣r♦✉♥❞ ✭♠❡❛s✉r❡❞ ❜❡❢♦r❡ ♣✉tt✐♥❣
t❤❡ ♦✐❧s ♦r ❢♦♦❞s✮ ♦❢ ❡✈❡r② ❡①♣❡r✐♠❡♥t ✇❛s s✉❜tr❛❝t❡❞✳ ❚❤❡ ❡♠✐ss✐♦♥s ✇❡r❡ ❛✈❡r❛❣❡❞ ♦✈❡r t❤❡
❞✉r❛t✐♦♥ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t ♦♠✐tt✐♥❣ t✐♠❡s ❞✉r✐♥❣ ✇❤✐❝❤ t❤❡ ♠❡t❛❧ ❝♦♥t❛✐♥❡r ✇❛s ♦♣❡♥❡❞ ❢♦r
❝♦♦❦✐♥❣ ♦♣❡r❛t✐♦♥s✳ ❊♠✐ss✐♦♥ ❢❛❝t♦rs ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❜② ♠✉❧t✐♣❧②✐♥❣ t❤❡ ❛✈❡r❛❣❡ ❡♠✐ss✐♦♥s
✭❈✮ ❜② t❤❡ ❝♦♦❦✐♥❣ t✐♠❡ ✭t✮✱ t❤❡ ✢♦✇ ❢r♦♠ t❤❡ ♠❡t❛❧ ❝♦♥t❛✐♥❡r ✭❋✮✱ t❤❡ ❞✐❧✉t✐♦♥ r❛t✐♦ ✭❉❘✮



















❋♦r t❤❡ s❤❛❧❧♦✇ ❢r②✐♥❣ ❛♥❞ ❞❡❡♣ ❢r②✐♥❣ ❡①♣❡r✐♠❡♥ts✱ ❡♥❤❛♥❝❡♠❡♥t ❢❛❝t♦rs ✭❊❍❋s✮ ✇❡r❡ ❝❛❧✲
❝✉❧❛t❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡♥❤❛♥❝❡♠❡♥t ♦❢ ❡♠✐ss✐♦♥s ❞✉❡ t♦ t❤❡ ❢♦♦❞ ❜❡✐♥❣ ❝♦♦❦❡❞ ❛❜♦✈❡
t❤❡ ❡♠✐ss✐♦♥s ♦❢ t❤❡ ♦✐❧ ❤❡❛t✐♥❣ ❛❧♦♥❡✳ ❆♥ ❊❍❋ ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ r❛t✐♦ ♦❢ t❤❡ ❛✈❡r❛❣❡
❡♠✐ss✐♦♥ ❢❛❝t♦r ♦❢ t❤❡ ❝♦♠♣♦✉♥❞ ✭❳✮ t♦ t❤❡ ❛✈❡r❛❣❡ ❡♠✐ss✐♦♥ ❢❛❝t♦r ♦❢ ❛ ❝♦♠♣♦✉♥❞ ❡♠✐tt❡❞









❆♥ ❊❍❋ ❝❧♦s❡ t♦ ✶ ♠❡❛♥s t❤❛t ❛❧♠♦st ❛❧❧ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ❝♦♠♣♦✉♥❞ ❝♦♠❡s ❢r♦♠ t❤❡ ♦✐❧✳
■♥❝r❡❛s✐♥❣ ❊❍❋ ✈❛❧✉❡s ❝♦rr❡s♣♦♥❞ t♦ ❛ ❧♦✇❡r ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ♦✐❧✳ ❆❝r♦❧❡✐♥✱ ✇❤✐❝❤ ✐s ❢♦r♠❡❞
✻
❢r♦♠ t❤❡ ❞❡❤②❞r❛t✐♦♥ ♦❢ ❣❧②❝❡r♦❧ ❡♠✐tt❡❞ ❞✉r✐♥❣ t❤❡ ❜r❡❛❦❞♦✇♥ ♦❢ ❢❛tt② ❛❝✐❞s✱✷✼ ✐s ❡♠✐tt❡❞
❛❧♠♦st ❡①❝❧✉s✐✈❡❧② ❢r♦♠ ♦✐❧ ❛♥❞ ✇❛s t❤✉s ✉s❡❞ ❛s r❡❢❡r❡♥❝❡ ✭❨✮✳
●❈×●❈✲❚♦❋✲▼❙
❆❞❞✐t✐♦♥❛❧ ♠❡❛s✉r❡♠❡♥ts ♦❢ ✈❡❣❡t❛❜❧❡ ♦✐❧ ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ ❛ t✇♦ ❞✐♠❡♥s✐♦♥❛❧ ❣❛s ❝❤r♦✲
♠❛t♦❣r❛♣❤ ❝♦✉♣❧❡❞ t♦ ❛ t✐♠❡✲♦❢✲✢✐❣❤t ♠❛ss s♣❡❝tr♦♠❡t❡r ✭●❈×●❈✲❚♦❋✲▼❙✮ ❛t t❤❡ ❯♥✐✈❡r✲
s✐t② ♦❢ ❨♦r❦✳ ❈♦♦❦✐♥❣ ♦✐❧s ✭♦❧✐✈❡✱ s✉♥✢♦✇❡r ❛♥❞ ❝❛♥♦❧❛✮ ✇❡r❡ ✐♥❞✐✈✐❞✉❛❧❧② ♣❧❛❝❡❞ ✐♥ ❛ ✹✾
cm3 st❛✐♥❧❡ss st❡❡❧ r❡❛❝t♦r ✇✐t❤ ❛ st✐rr❡r✱ ❡♥❝❧♦s❡❞ ✐♥ ❛ ❤❡❛t❡r ✉♥✐t t♦ s✐♠✉❧❛t❡ ❝♦♦❦✐♥❣✳ ❚❤❡
♦✐❧s ✇❡r❡ ❤❡❛t❡❞ t♦ 180 ◦C ❛♥❞ t❤❡ ◆▼❖● ❡♠✐ss✐♦♥s ✇❡r❡ s❛♠♣❧❡❞ ♦♥t♦ t❤❡r♠❛❧ ❞❡s♦r♣t✐♦♥
t✉❜❡s ✭▼♦❞❡❧ ✵✶✸✵✶✵✱ ●❡rst❡❧ ●♠❜❍ ❝♦✳✮ ♣❛❝❦❡❞ ✇✐t❤ ❚❡♥❛① ✭✵✳✺ ❣✮ ❢♦r ♦♥❡ ♠✐♥✉t❡ ✉s✐♥❣
❛ ✢♦✇ r❛t❡ ♦❢ ✹✵ mLmin✲1 ♦❢ s②♥t❤❡t✐❝ ❛✐r✳ ❚❤❡ t❤❡r♠❛❧ ❞❡s♦r♣t✐♦♥ t✉❜❡s ✇❡r❡ ❛♥❛❧②③❡❞
✐♠♠❡❞✐❛t❡❧② ✉s✐♥❣ ❛ ●❡rst❡❧ t❤❡r♠❛❧ ❞❡s♦r♣t✐♦♥ ✉♥✐t ❝♦✉♣❧❡❞ t♦ ❛ ●❈×●❈✲❚♦❋✲▼❙ s②st❡♠✱
✐♥❝♦r♣♦r❛t✐♥❣ ❛♥ ❆❣✐❧❡♥t ✻✽✾✵ ❣❛s ❝❤r♦♠❛t♦❣r❛♣❤ ✭❆❣✐❧❡♥t ❚❡❝❤♥♦❧♦❣✐❡s✱ P❛❧♦ ❆❧t♦✱ ❈❆✱
❯❙❆✮ ❛♥❞ ❛ P❡❣❛s✉s ■■■ ❚♦❋✲▼❙ ✭▲❊❈❖✱ ❙t✳ ❏♦s❡♣❤✱ ▼■✱ ❯❙❆✮✳ ❚❤❡ ♣r✐♠❛r② ❝♦❧✉♠♥ ✇❛s ❛
♥♦♥✲♣♦❧❛r ❇P❳✺ ❝♦❧✉♠♥ ✭✸✵ ♠ × ✸✷✵ µm ✐♥t❡r♥❛❧ ❞✐❛♠❡t❡r × ✵✳✷✺ µm ✜❧♠ t❤✐❝❦♥❡ss✮ ❛♥❞
t❤❡ s❡❝♦♥❞❛r② ❝♦❧✉♠♥ ✇❛s ❛ ♠✐❞✲♣♦❧❛r✐t② ❇P❳✺✵ ❝♦❧✉♠♥ ✭✹ ♠ × ✶✽✵ µm ✐♥t❡r♥❛❧ ❞✐❛♠❡t❡r ×
✵✳✷✵ µm ✜❧♠ t❤✐❝❦♥❡ss✮✳ ❚❤❡ ❝❛rr✐❡r ❣❛s ✉s❡❞ ✇❛s ❤❡❧✐✉♠ ✇✐t❤ ❛ ✢♦✇ r❛t❡ ♦❢ ✶ mLmin✲1✳ ❚❤❡
s♣❡❝tr❛ ✇❡r❡ ❝♦❧❧❡❝t❡❞ ✐♥ t❤❡ ♠✴③ r❛♥❣❡ ✹✺✲✺✵✵ ❛t ❛ r❛t❡ ♦❢ ✷✵✵ ❍③✳ ❚❤❡ ❞❛t❛ ✇❡r❡ ❛♥❛❧②s❡❞
✉s✐♥❣ ▲❊❈❖ ❈❤r♦♠❛❚❖❋ s♦❢t✇❛r❡✳ ❚❤❡ ❝♦♠♣♦✉♥❞s ✇❡r❡ ✐❞❡♥t✐✜❡❞ ✉s✐♥❣ ❛ ❝♦♠❜✐♥❛t✐♦♥
♦❢ r❡t❡♥t✐♦♥ ✐♥❞✐❝❡s ❛♥❞ r❡❢❡r❡♥❝❡ t♦ t❤❡ ◆■❙❚ ▼❙ ❧✐❜r❛r②✳ ❆❧❧ ◆▼❖● ❡♠✐ss✐♦♥s r❡♣♦rt❡❞
















































































❋✐❣✉r❡ ✶✿ ❘❡❧❛t✐✈❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❞✐✛❡r❡♥t ❝♦♠♣♦✉♥❞s t♦ t♦t❛❧ ◆▼❖● ❡♠✐ss✐♦♥s ❢r♦♠
❝❛♥♦❧❛✱ s✉♥✢♦✇❡r ❛♥❞ ♦❧✐✈❡ ♦✐❧ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡s ✭180 − 200 ◦C✮ ❛s ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡
P❚❘✲❚♦❋✲▼❙✳
❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥
❊♠✐ss✐♦♥s ❢r♦♠ ❤❡❛t❡❞ ✈❡❣❡t❛❜❧❡ ♦✐❧s
❋✐❣✉r❡ ✶ s❤♦✇s t❤❡ ❡♠✐ss✐♦♥s ❢r♦♠ ❤❡❛t❡❞ ✈❡❣❡t❛❜❧❡ ♦✐❧s ✭❝❛♥♦❧❛✱ s✉♥✢♦✇❡r ❛♥❞ ♦❧✐✈❡ ♦✐❧✮✳
❚❤❡ ❝♦♠♣♦✉♥❞s ❛r❡ ❝❧❛ss✐✜❡❞ ✐♥t♦ ❡✐❣❤t ❢❛♠✐❧✐❡s✿ ❛❧❦❛♥❛❧s✱ ❛❧❦❡♥❛❧s✱ ❛❧❦❛❞✐❡♥❛❧s✱ ❝❛r❜♦①②❧✐❝
❛❝✐❞s✱ ❖✲❝♦♥t❛✐♥✐♥❣✱ ◆✲❝♦♥t❛✐♥✐♥❣✱ ❙✲❝♦♥t❛✐♥✐♥❣ ❛♥❞ ♦t❤❡r✳ ❚❤❡ ✧♦t❤❡r✧ ❢❛♠✐❧② ❝♦♠♣r✐s❡s ❡✈✲
❡r②t❤✐♥❣ ♥♦t ❛ttr✐❜✉t❛❜❧❡ t♦ t❤❡ ♦t❤❡r ❢❛♠✐❧✐❡s ❛♥❞ ❤②❞r♦❝❛r❜♦♥ ❢r❛❣♠❡♥ts ♥♦t ❛ttr✐❜✉t❛❜❧❡
t♦ t❤❡✐r ♣❛r❡♥t ❝♦♠♣♦✉♥❞ ❞✉❡ t♦ ✉♥❦♥♦✇♥ ❢r❛❣♠❡♥t❛t✐♦♥ ♣❛tt❡r♥s✳ ❚❤❡ ❖✲✱ ◆✲ ❛♥❞ ❙✲
❝♦♥t❛✐♥✐♥❣ ❞❡♥♦t❡ ❝♦♠♣♦✉♥❞s ❤❛✈✐♥❣ ❛♥ ❛♠❜✐❣✉♦✉s str✉❝t✉r❡ ❜✉t ❝❧❡❛r❧② ❝♦♥t❛✐♥✐♥❣ ♦①②❣❡♥✱
♥✐tr♦❣❡♥ ♦r s✉❧♣❤✉r r❡s♣❡❝t✐✈❡❧②✱ ❜❛s❡❞ ♦♥ t❤❡✐r ❛❝❝✉r❛t❡ ♠❛ss ♠❡❛s✉r❡♠❡♥ts✳ ❋♦r t❤❡ ❝♦♦❦✲
✐♥❣ ♣r♦❝❡ss❡s ❛❧❦❛♥❛❧s✱ ❛❧❦❡♥❛❧s ❛♥❞ ❛❧❦❡❞✐❡♥❛❧s ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❝❛r❜♦♥②❧ ❢❛♠✐❧✐❡s✳ ❚❤❡
❛ttr✐❜✉t✐♦♥ ♦❢ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ✐♦♥s t♦ t❤❡ ❢❛♠✐❧✐❡s ✇❛s ❛❝❤✐❡✈❡❞ ✐♥ ❛ s✐♠✐❧❛r ✇❛② t♦ ❑✐❧✐❝ ❡t
❛❧✳✱✷✽ ❜② ❝♦♠♣❛r✐♥❣ ✇✐t❤ ❧✐t❡r❛t✉r❡ ❛♥❞ t❤❡ ●❈×●❈✲❚♦❋✲▼❙ ♠❡❛s✉r❡♠❡♥ts✱ ❛s s❤♦✇♥ ✐♥
✽
t❤❡ s✉♣♣❧❡♠❡♥t❛r② ✐♥❢♦r♠❛t✐♦♥ ✭❚❛❜✳ ❙✹✮✳ ❆ ❧✐st ♦❢ ❛❧❧ ❡♠✐ss✐♦♥ ❢❛❝t♦rs s❤♦✇♥ ✐s ✐♥❝❧✉❞❡❞ ✐♥
t❤❡ s✉♣♣❧❡♠❡♥t❛r② ✐♥❢♦r♠❛t✐♦♥ ✭❚❛❜✳ ❙✺ ❛♥❞ ❙✻✮✳
❲❤✐❧❡ s❛t✉r❛t❡❞ ❛♥❞ ✉♥s❛t✉r❛t❡❞ ❝❛r❜♦♥②❧s ❞♦♠✐♥❛t❡ t❤❡ ◆▼❖● ❡♠✐ss✐♦♥s✱ ✉♥❛♠❜✐❣✉✲
♦✉s ❞✐st✐♥❝t✐♦♥ ❜❡t✇❡❡♥ ❛❧❞❡❤②❞❡s ❛♥❞ ❦❡t♦♥❡s ✐s ♥♦t ♣♦ss✐❜❧❡ ✇✐t❤ t❤❡ P❚❘✲❚♦❋✲▼❙ ❞❛t❛
❛❧♦♥❡✳ ❚❤❡ ❞♦♠✐♥❛♥❝❡ ♦❢ ❛❧❞❡❤②❞❡s ✐♥ ♦✉r st✉❞② ✐s ❝♦♥✜r♠❡❞ ✉s✐♥❣ ●❈×●❈✲❚♦❋✲▼❙ ♠❡❛✲
s✉r❡♠❡♥ts ✭❚❛❜✳ ❙✼✲❙✾ ❛♥❞ ❋✐❣✳ ❙✷✮✱ ❝♦♥s✐st❡♥t ✇✐t❤ ♣r✐♦r st✉❞✐❡s✳✷✸✱✷✾✱✸✵ ❚❤❡ ❤✐❣❤❡st s✐❣♥❛❧s
❢♦r ❝❛♥♦❧❛ ♦✐❧ ❛r❡ ❛t ♠✴③ ✺✼✳✵✻✾✱ ✼✸✳✵✻✹✱ ✶✶✶✳✶✶✼ ❛♥❞ ✶✹✸✳✶✹✸❀ t❤❡s❡ ❝♦rr❡s♣♦♥❞ t♦ ❛❝r♦❧❡✐♥
✭❈✸❍✹❖✮✱ ♠❛❧♦♥❞✐❛❧❞❡❤②❞❡ ✭❈✸❍✹❖✷✮✱ ✷✱✹✲❤❡♣t❛❞✐❡♥❛❧ ✭❈✼❍✶✵❖✮ ❛♥❞ ♥♦♥❛♥❛❧ ✭❈✾❍✶✽❖✮✱ r❡✲
s♣❡❝t✐✈❡❧②✳ ❋♦r s✉♥✢♦✇❡r ♦✐❧✱ t❤❡ ♠♦st ❞♦♠✐♥❛♥t ❝♦♠♣♦✉♥❞s ❛r❡ ❛t ♠✴③ ✺✼✳✵✻✾✱ ✶✵✶✳✵✾✻✱
✶✶✸✳✵✾✻ ❛♥❞ ✶✺✸✳✶✷✼❀ t❤❡s❡ ❝♦rr❡s♣♦♥❞ t♦ ❛❝r♦❧❡✐♥✱ ❤❡①❛♥❛❧ ✭❈✻❍✶✷❖✮✱ ✷✲❤❡♣t❡♥❛❧ ✭❈✼❍✶✷❖✮
❛♥❞ ✷✱✹✲❞❡❝❛❞✐❡♥❛❧ ✭❈✶✵❍✶✻❖✮✱ r❡s♣❡❝t✐✈❡❧②✳ ❋♦r ♦❧✐✈❡ ♦✐❧✱ t❤❡ ❤✐❣❤❡st s✐❣♥❛❧s ❛r❡ ♠✴③ ✺✼✳✵✻✾✱
✶✵✶✳✵✾✻✱ ✶✶✺✳✶✶✷✱ ✶✷✾✳✶✷✼✱ ✶✹✸✳✶✹✸✱ ✶✺✺✳✶✹✸ ❛♥❞ ✶✻✾✳✶✺✾❀ t❤❡s❡ ❝♦rr❡s♣♦♥❞ t♦ ❛❝r♦❧❡✐♥✱ ❤❡①✲
❛♥❛❧✱ ❤❡♣t❛♥❛❧ ✭❈✼❍✶✹❖✮✱ ♦❝t❛♥❛❧ ✭❈✽❍✶✻❖✮✱ ♥♦♥❛♥❛❧✱ ✷✲❞❡❝❡♥❛❧ ✭❈✶✵❍✶✽❖✮ ❛♥❞ ✷✲✉♥❞❡❝❡♥❛❧
✭❈✶✶❍✷✵❖✮✱ r❡s♣❡❝t✐✈❡❧②✳ ❲❤✐❧❡ ❛❝r♦❧❡✐♥✱ ❝♦♠♠♦♥ ✐♥ ❛❧❧ ♦✐❧ ❡♠✐ss✐♦♥s✱ ✐s ❢♦r♠❡❞ t❤r♦✉❣❤
t❤❡ ❞❡❤②❞r❛t✐♦♥ ♦❢ ❣❧②❝❡r♦❧✱✷✼ t❤❡ ♦t❤❡r ❛❧❞❡❤②❞❡s ❛r❡ ♣r♦❞✉❝❡❞ ✈✐❛ ♣❡r♦①②❧ r❛❞✐❝❛❧ r❡❛❝✲
t✐♦♥s ♦❢ t❤❡ ❢❛tt② ❛❝✐❞s✳✸✶ ❚❤❡ ❞✐✛❡r❡♥t ❡♠✐ss✐♦♥ ♣❛tt❡r♥s ♦❢ t❤❡ ♦✐❧s ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡
✈❛r②✐♥❣ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ tr✐❣❧②❝❡r✐❞❡s ♣r❡s❡♥t ✐♥ t❤❡ ♦✐❧s✳✸✷ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣♦s✐t✐♦♥s ♦❢
t❤❡ ❞♦✉❜❧❡ ❜♦♥❞s ✐♥ t❤❡ tr✐❣❧②❝❡r✐❞❡s ❛♥❞ t❤❡ ♣❧❛❝❡ ♦❢ ❢r❛❝t✉r❡✱ ❞✐✛❡r❡♥t ❤②❞r♦♣❡r♦①✐❞❡s ❛r❡
♣r♦❞✉❝❡❞✱ r❡s✉❧t✐♥❣ ✐♥ ❞❡❝♦♠♣♦s✐t✐♦♥ t♦ ❞✐✛❡r❡♥t ❛❧❦❛♥❛❧s✱ ❛❧❦❡♥❛❧s ❛♥❞ ❛❧❦❛❞✐❡♥❛❧s✳
❚❤❡ r❡❧❛t✐✈❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ❡♠✐ss✐♦♥s ❢r♦♠ s✉♥✢♦✇❡r ❛♥❞ ❝❛♥♦❧❛ ♦✐❧ ❞♦ ♥♦t ❝❤❛♥❣❡
s✐❣♥✐✜❝❛♥t❧② ✇✐t❤ t❡♠♣❡r❛t✉r❡ ✭❋✐❣✳ ✷✮✳ ❍♦✇❡✈❡r✱ ♦❧✐✈❡ ♦✐❧ ❡♠✐ss✐♦♥s s❤♦✇ ❛♥ ✐♥❝r❡❛s❡ ✐♥
❧❛r❣❡r ❛❧❞❡❤②❞❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡✱ ❡s♣❡❝✐❛❧❧② ♥♦♥❛♥❛❧ ❛♥❞ ✷✱✹✲❞❡❝❛❞✐❡♥❛❧ ✭❋✐❣✳ ✸✮✳
■t ✇❛s ♦❜s❡r✈❡❞ t❤❛t t❤❡ ♦✐❧ ❡♠✐ss✐♦♥s s❝❛❧❡ ✇✐t❤ t❤❡ s✉r❢❛❝❡ ❛r❡❛ ♦❢ t❤❡ ♦✐❧ ❧❛②❡r r❛t❤❡r t❤❛♥
t❤❡ ♠❛ss ♦❢ ♦✐❧ ❤❡❛t❡❞✳ ■♥ ♦r❞❡r t♦ ❜❡ ❛❜❧❡ t♦ ❝♦♠♣❛r❡ t❤❡ ♦✐❧ ❤❡❛t✐♥❣ ✇✐t❤ t❤❡ ❢r②✐♥❣ ♣r♦❝❡ss❡s
✇❡ ❝❤♦s❡ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥s t❤❡ ♠❛ss ♦❢ ♦✐❧ ♥❡❡❞❡❞ ❢♦r ❢r②✐♥❣ ✶ ❦❣ ♦❢ ❢♦♦❞ ❛♥❞ ✐♥t❡❣r❛t❡❞
♦✈❡r ✶✵ ♠✐♥✉t❡s ♦❢ ❤❡❛t✐♥❣ t♦ ❝❛❧❝✉❧❛t❡ ❡♠✐ss✐♦♥ ❢❛❝t♦rs✳ ❚❤❡ t♦t❛❧ ◆▼❖● ❡♠✐ss✐♦♥ ❢❛❝t♦rs













































Heating Heating Shallow Shallow Shallow Deep
































































Heating Heating Shallow Shallow Shallow Deep





















❋✐❣✉r❡ ✷✿ ❘❡❧❛t✐✈❡ ❝♦♠♣♦s✐t✐♦♥ ✭✉♣♣❡r ♣❛♥❡❧✮✱ ❡♠✐ss✐♦♥ ❢❛❝t♦rs ✭♠✐❞❞❧❡ ♣❛♥❡❧✮ ❛♥❞ ❝♦♠✲
♣♦✉♥❞s ❝♦♥tr✐❜✉t✐♥❣ t♦ ♠♦r❡ t❤❛♥ ✺✪ t♦ t❤❡ t♦t❛❧ ♠❛ss ✭❧♦✇❡r ♣❛♥❡❧✮ ♦❢ ❝♦♦❦✐♥❣ ✇✐t❤ ❝❛♥♦❧❛
♦✐❧ ✭✉♣♣❡r ❣r❛♣❤✮ ❛♥❞ s✉♥✢♦✇❡r ♦✐❧ ✭❧♦✇❡r ❣r❛♣❤✮ ❛s ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ P❚❘✲❚♦❋✲▼❙✳ ❚❤❡
❛①✐s ❧❛❜❡❧s r❡♣r❡s❡♥t ❢r♦♠ t♦♣ t♦ ❜♦tt♦♠✱ t❤❡ ❦✐♥❞ ♦❢ ❢♦♦❞ ❝♦♦❦❡❞✱ t❤❡ ❝♦♦❦✐♥❣ ♠❡t❤♦❞ ❛♥❞
t❤❡ ♦✐❧ t❡♠♣❡r❛t✉r❡ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✳ ◆✉♠❜❡rs ✐♥ ❜r❛❝❦❡ts r❡♣r❡s❡♥t t❤❡
♥✉♠❜❡r ♦❢ ❡①♣❡r✐♠❡♥t❛❧ r❡♣❡❛ts✳
✶✵
✻✵◦C✮ ❢r♦♠ ✽ mg kg✲1 t♦ ✷✾ mg kg✲1✱ ❢r♦♠ ✺ mg kg✲1 t♦ ✸✸ mg kg✲1 ❛♥❞ ❢r♦♠ ✶✷ mg kg✲1 t♦
✼✽ mg kg−1 ❢♦r ❝❛♥♦❧❛✱ s✉♥✢♦✇❡r ❛♥❞ ♦❧✐✈❡ ♦✐❧✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥ ❣❡♥❡r❛❧✱ t❤❡ ❤✐❣❤❡r ❡♠✐ss✐♦♥
❢❛❝t♦rs ❢♦r ♦❧✐✈❡ ♦✐❧ ❛r❡ ❞✉❡ t♦ t❤❡ ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡ ✉s❡❞ ❞✉r✐♥❣ t❤❡s❡ ❡①♣❡r✐♠❡♥ts ✭160 ◦C
❛♥❞ 220 ◦C✮ ❝♦♠♣❛r❡❞ t♦ ❝❛♥♦❧❛ ♦✐❧ ❛♥❞ s✉♥✢♦✇❡r ♦✐❧ ✭150 ◦C ❛♥❞ 190 ◦C✮✳ ❚❤❡ ✐♥❝r❡❛s❡
♦❢ ❡♠✐ss✐♦♥ ❢❛❝t♦rs ❞✉❡ t♦ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❛❝❝❡❧❡r❛t✐♦♥ ♦❢
t❤❡ ❝❤❡♠✐❝❛❧ ♣r♦❝❡ss❡s ✭❜r❡❛❦✐♥❣ ♦❢ ❢❛tt② ❛❝✐❞s✮ ✇❤✐❝❤ ❧❡❛❞ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❡♠✐tt❡❞
❛❧❞❡❤②❞❡s✳












































Heating Heating Shallow Charbroil Charbroil Charbroil
























❋✐❣✉r❡ ✸✿ ❘❡❧❛t✐✈❡ ❝♦♠♣♦s✐t✐♦♥ ✭✉♣♣❡r ♣❛♥❡❧✮✱ ❡♠✐ss✐♦♥ ❢❛❝t♦rs ✭♠✐❞❞❧❡ ♣❛♥❡❧✮ ❛♥❞ ❝♦♠✲
♣♦✉♥❞s ❝♦♥tr✐❜✉t✐♥❣ t♦ ♠♦r❡ t❤❛♥ ✺✪ t♦ t❤❡ t♦t❛❧ ♠❛ss ✭❧♦✇❡r ♣❛♥❡❧✮ ♦❢ ❝♦♦❦✐♥❣ ✇✐t❤ ♦❧✐✈❡
♦✐❧ ❛♥❞ ❝❤❛r❜r♦✐❧✐♥❣ ❛s ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ P❚❘✲❚♦❋✲▼❙✳ ❚❤❡ ❛①✐s ❧❛❜❡❧s r❡♣r❡s❡♥t ❢r♦♠
t♦♣ t♦ ❜♦tt♦♠✱ t❤❡ ❦✐♥❞ ♦❢ ❢♦♦❞ ❝♦♦❦❡❞✱ t❤❡ ❝♦♦❦✐♥❣ ♠❡t❤♦❞ ❛♥❞ t❤❡ t❡♠♣❡r❛t✉r❡ ❛t t❤❡
❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✳ ◆✉♠❜❡rs ✐♥ ❜r❛❝❦❡ts r❡♣r❡s❡♥t t❤❡ ♥✉♠❜❡r ♦❢ ❡①♣❡r✐♠❡♥t❛❧
r❡♣❡❛ts✳
❋♦r s❤❛❧❧♦✇ ❢r②✐♥❣ ✐♥ ❛ ♣❛♥✱ t❤❡ ❞♦♠✐♥❛♥t ❝♦♠♣♦✉♥❞s ❛r❡ ❛❧❞❡❤②❞❡s ✭♠♦r❡ t❤❛♥ ✻✵✪✮✳
❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ s♠❛❧❧❡r ✭≤ C5✮ ❛❧❞❡❤②❞❡s t♦ t❤❡ t♦t❛❧ ❡♠✐ss✐♦♥s ✐♥❝r❡❛s❡s✱ ❢r♦♠ ❛❜♦✉t
✶✶
✸✵✪ t♦ ❛❜♦✉t ✺✵✪ ✇❤❡♥ ❢r②✐♥❣ ❢♦♦❞ ✇✐t❤ ❝❛♥♦❧❛ ♦✐❧ ❛♥❞ ❢r♦♠ ❛❜♦✉t ✶✺✪ t♦ ❛❜♦✉t ✺✵✪
✇❤❡♥ ❢r②✐♥❣ ❢♦♦❞ ✇✐t❤ s✉♥✢♦✇❡r ♦✐❧✱ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❤❡❛t✐♥❣ ♦❢ t❤❡ ♣✉r❡ ♦✐❧s ❛❧♦♥❡✳ ❚❤❡
❢r❛❝t✐♦♥❛❧ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ s♠❛❧❧❡r ❛❧❞❡❤②❞❡s ❞❡❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♦✐❧ t❡♠♣❡r❛t✉r❡✳
❚❤❡ t♦t❛❧ ◆▼❖● ❡♠✐ss✐♦♥ ❢❛❝t♦rs ❢♦r s❤❛❧❧♦✇ ❢r②✐♥❣ ♦❢ ♠❡❛t r❛♥❣❡ ❢r♦♠ ✸mg kg✲1 ❢♦r ❝❤✐❝❦❡♥
t♦ ✹✷ mg kg✲1 ❢♦r ❜❡❡❢ ✐♥ s✉♥✢♦✇❡r ♦✐❧✳ ❉✉r✐♥❣ ✈❡❣❡t❛❜❧❡ ❢r②✐♥❣ ❧♦✇❡r r❡❧❛t✐✈❡ ❛♠♦✉♥ts ♦❢
❛❧❞❡❤②❞❡ ❡♠✐ss✐♦♥s ✇❡r❡ ♦❜s❡r✈❡❞ ❛s ❛ r❡s✉❧t ♦❢ ❧♦✇ t❡♠♣❡r❛t✉r❡s ✭150◦C✮✳ ❉✉❡ t♦ t❤❡ ❧♦♥❣
❝♦♦❦✐♥❣ t✐♠❡ ♦❢ ✷✵ ♠✐♥✉t❡s ✭♠❡❛t ✇❛s ❢r✐❡❞ ❢♦r ✶✵ ♠✐♥✉t❡s✮✱ t❤❡ t♦t❛❧ ◆▼❖● ❡♠✐ss✐♦♥ ✇❛s
✹✷ mg kg✲1✱ ❤✐❣❤❡r t❤❛♥ ❊❋ ♠❡❛s✉r❡❞ ❞✉r✐♥❣ ♦t❤❡r s❤❛❧❧♦✇ ❢r②✐♥❣ ❡①♣❡r✐♠❡♥ts✳ ❚❤❡ ♠♦st
❛❜✉♥❞❛♥t ❛❧❞❡❤②❞❡ ❢r♦♠ ✈❡❣❡t❛❜❧❡ ❢r②✐♥❣ ✐s ❜✉t❛♥❛❧ ✭✹ mg kg✲1✮ ✇❤✐❝❤ ✐s ❧♦✇ ❝♦♠♣❛r❡❞ t♦
t❤❡ ❡♠✐ss✐♦♥ ♦❢ ♠❡t❤❛♥♦❧ ✭✶✶ mg kg✲1✮✱ ❛ r❡♣♦rt❡❞ ❜②✲♣r♦❞✉❝t ❢r♦♠ ❝❡❧❧ ✇❛❧❧ s②♥t❤❡s✐s✳✸✸ ❚❤❡
❢r②✐♥❣ ♦❢ ✈❡❣❡t❛❜❧❡s r❡❧❡❛s❡s ♠♦♥♦t❡r♣❡♥❡s ✭✸ mg kg✲1✮ ✇❤✐❝❤ ♠❛② ❜❡ ❛ttr✐❜✉t❡❞ t♦ ❡♠✐ss✐♦♥s
❢r♦♠ ❝♦♥❞✐♠❡♥ts ✭❡✳❣✳ ♦r❡❣❛♥♦✱ ❜❛s✐❧✮✱ ✉s❡❞ ❛s s❡❛s♦♥✐♥❣ ❢♦r t❤✐s ❡①♣❡r✐♠❡♥t✱✸✹ ❛s t❤❡s❡
❝♦♠♣♦✉♥❞s ✇❡r❡ ♥♦t ♦❜s❡r✈❡❞ ❞✉r✐♥❣ ✈❡❣❡t❛❜❧❡ ❜♦✐❧✐♥❣✳
❚❤❡ t♦t❛❧ ◆▼❖● ❡♠✐ss✐♦♥ ❢❛❝t♦rs ❢r♦♠ ❞❡❡♣ ❢r②✐♥❣ ♣r♦❝❡ss❡s ❛r❡ ✺✾ mg kg−1 ❢♦r ♣♦t❛t♦
❛♥❞ ✸✾ mg kg✲1 ❢♦r t❤❡ ✜s❤✱ ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ t♦t❛❧ ❡♠✐ss✐♦♥ ❢❛❝t♦rs ❡①♣❡❝t❡❞ ❢r♦♠ ❤❡❛t✐♥❣
t❤❡ ♣✉r❡ ♦✐❧s ❛t t❤❡ s❛♠❡ t❡♠♣❡r❛t✉r❡ ✭200 ◦C✮ ❛♥❞ ✭190 ◦C✮✳ ■♥ ❛❞❞✐t✐♦♥ t❤❡ ❝❤❡♠✐❝❛❧
❝♦♠♣♦s✐t✐♦♥ ♦❢ ❞❡❡♣ ❢r②✐♥❣ ❡♠✐ss✐♦♥s ✐s ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ♣✉r❡ ♦✐❧s
❜❡s✐❞❡s ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❛❧❝♦❤♦❧ ❡♠✐ss✐♦♥s ❢♦r t❤❡ ♣♦t❛t♦ ❢r②✐♥❣ ❛♥❞ ❛♥ ✐♥❝r❡❛s❡ ♦❢ ❖✲❝♦♥t❛✐♥✐♥❣
❝♦♠♣♦✉♥❞s ❢♦r ✜s❤ ❢r②✐♥❣✳ ❋♦r ❛❧❧ t❤❡ ❢r②✐♥❣ ❡①♣❡r✐♠❡♥ts ❡①❝❡♣t t❤❡ ✈❡❣❡t❛❜❧❡s✱ ♥❡❣❧✐❣✐❜❧❡
❛♠♦✉♥ts ♦❢ ❛❝✐❞s✱ ❛❧❝♦❤♦❧s✱ ◆✲❝♦♥t❛✐♥✐♥❣ ❛♥❞ ❙✲❝♦♥t❛✐♥✐♥❣ s♣❡❝✐❡s ✇❡r❡ ♦❜s❡r✈❡❞ ✭❜❡❧♦✇ ✺✪
❝♦♥tr✐❜✉t✐♦♥ t♦ t♦t❛❧ ◆▼❖●✮✳
❚❤❡ ❛❜s♦❧✉t❡ ❡♠✐ss✐♦♥ ❢❛❝t♦rs ♦❢ ❝❛r❜♦♥②❧s ❢r♦♠ ♦✐❧s ❞❡♣❡♥❞ ♥♦t ♦♥❧② ♦♥ t❤❡ ❝♦♦❦✐♥❣
t❡♠♣❡r❛t✉r❡ ❜✉t ❛❧s♦ ♦♥ t❤❡ ♦✐❧ s✉r❢❛❝❡✳ ❋♦r s❤❛❧❧♦✇ ❢r②✐♥❣ t❤❡ ❧❛st ♣❛r❛♠❡t❡r ✐s ❤❛r❞ t♦
❝♦♥tr♦❧ ❛♥❞ t♦ ❛ss❡ss✳ ❚❤❡r❡❢♦r❡✱ ✐♥ ♦r❞❡r t♦ s❡♣❛r❛t❡ ♦✐❧ ❡♠✐ss✐♦♥s ❢r♦♠ t❤♦s❡ ❞✉❡ t♦ t❤❡
❢♦♦❞ ✉s❡❞✱ ✇❡ ❤❛✈❡ ❝❛❧❝✉❧❛t❡❞ ❡♥❤❛♥❝❡♠❡♥t ❢❛❝t♦rs ♦❢ ❞✐✛❡r❡♥t ❝♦♠♣♦✉♥❞s ♥♦r♠❛❧✐③❡❞ t♦
❛❝r♦❧❡✐♥ ❡①♣❡❝t❡❞ t♦ ❜❡ ❡♠✐tt❡❞ s♦❧❡❧② ❢r♦♠ ♦✐❧ ❤❡❛t✐♥❣ ✭❋✐❣✳ ✹✮✳ ❆❧❞❡❤②❞❡ ❡♠✐ss✐♦♥s ❢r♦♠


























































❋✐❣✉r❡ ✹✿ ❊♥❤❛♥❝❡♠❡♥t ♦❢ ❛❧❞❡❤②❞❡ ❡♠✐ss✐♦♥s ❢r♦♠ ❢r②✐♥❣ ♣r♦❝❡ss❡s ❝♦♠♣❛r❡❞ t♦ ♦✐❧s ♦♥❧②
❢♦r ❡①♣❡r✐♠❡♥ts ✇✐t❤ ❝❛♥♦❧❛ ♦✐❧ ✭✉♣♣❡r ❣r❛♣❤✮ ❛♥❞ ❡①♣❡r✐♠❡♥ts ✇✐t❤ s✉♥✢♦✇❡r ♦✐❧ ✭❧♦✇❡r
❣r❛♣❤✮✳ ❆♥ ❡♥❤❛♥❝❡♠❡♥t ❢❛❝t♦r ❡q✉❛❧ ✶ ♠❡❛♥s ❛❧❧ t❤❡ ❡♠✐ss✐♦♥s ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ t♦ ❤❡❛t✐♥❣
♦❢ ♦✐❧✳ ❊♥❤❛♥❝❡♠❡♥t ❢❛❝t♦rs ❢♦r ❞❡❝❛❞✐❡♥❛❧ ❝♦✉❧❞ ♦♥❧② ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢♦r ❞❡❡♣ ❢r②✐♥❣ ♦❢ ♣♦t❛t♦
♠♦st ❧✐❦❡❧② ❞✉❡ t♦ ❧♦✇❡r t❡♠♣❡r❛t✉r❡s ✭≤ 180◦C✮ ❞✉r✐♥❣ s❤❛❧❧♦✇ ❢r②✐♥❣✳ P❡♥t❛♥❛❧ ❝♦✉❧❞ ❛❧s♦
❝♦♠♣r✐s❡ ❡♠✐ss✐♦♥s ♦❢ ♣❡♥t❛♥♦♥❡✳
❡♥❤❛♥❝❡♠❡♥t ❢❛❝t♦rs ❛r♦✉♥❞ ✶ ❛♥❞ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ s♠❛❧❧❡r ❛♥❞ ❧❛r❣❡r ❛❧❞❡❤②❞❡s ♠❛t❝❤✐♥❣
t❤❡ r❛t✐♦ ♦❢ t❤❡ ♣✉r❡ ♦✐❧s✳ ❋♦r s❤❛❧❧♦✇ ❢r②✐♥❣ ❡①♣❡r✐♠❡♥ts✱ t❤❡ ❡♥❤❛♥❝❡♠❡♥t ❢❛❝t♦rs ❢♦r
❛❧❞❡❤②❞❡s ✇✐t❤ ♠♦r❡ t❤❛♥ ✺ ❝❛r❜♦♥s ❛r❡ ♠♦st❧② ❛r♦✉♥❞ ✶✱ ❜② ❝♦♥tr❛st t❤❡ s♠❛❧❧❡r ❛❧❞❡❤②❞❡s
s❤♦✇ s✐❣♥✐✜❝❛♥t ❡♥❤❛♥❝❡♠❡♥t ❢❛❝t♦rs r❛♥❣✐♥❣ ❢r♦♠ ✺ t♦ ❛❧♠♦st ✶✵✵✵✳ ❚❤✐s ❞❡♠♦♥str❛t❡s t❤❛t
t❤❡ s♠❛❧❧❡r ❛❧❞❡❤②❞❡s ♦❜s❡r✈❡❞ ❞✉r✐♥❣ s❤❛❧❧♦✇ ❢r②✐♥❣ ❛r❡ ♠♦st❧② ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❢♦♦❞s ❛♥❞
♥♦t t❤❡ ♦✐❧s ✉s❡❞✳ ❚❤❡s❡ s♠❛❧❧ ❛❧❞❡❤②❞❡s ♠♦st ♣r♦❜❛❜❧② ♦r✐❣✐♥❛t❡ ❢r♦♠ t❤❡ ❞❡❝♦♠♣♦s✐t✐♦♥
♦❢ t❤❡ ❢❛tt② ❛❝✐❞s ✐♥ t❤❡ ♠❡❛t✳✸✺ ❚❤❡ r❡❧❛t✐✈❡ ❝♦♥tr✐❜✉t✐♦♥s ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❛❧❞❡❤②❞❡s t♦ t❤❡
t♦t❛❧ ❡♠✐ss✐♦♥s s❤♦✇ ♦♥❧② s❧✐❣❤t ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❞✐✛❡r❡♥t ❢♦♦❞s ✇❤✐❝❤ s❡❡♠s t♦ ❜❡
❝❛✉s❡❞ ❜② ❞✐✛❡r❡♥t ❢r②✐♥❣ t❡♠♣❡r❛t✉r❡s✳ ❚❤❡ ❡♠✐ss✐♦♥s ❢r♦♠ s❤❛❧❧♦✇ ❢r②✐♥❣ ❛r❡ ❧♦✇❡r t❤❛♥
t❤❡ ❞❡❡♣ ❢r②✐♥❣ ❡♠✐ss✐♦♥s ❞✉❡ t♦ t❤❡ ❧♦✇❡r t❡♠♣❡r❛t✉r❡s ✉s❡❞ ✭130 ◦C t♦ 180 ◦C✮ ❛♥❞ t❤❡
s♠❛❧❧❡r s✉r❢❛❝❡ ♦❢ t❤❡ ♦✐❧ ❜✉t ❤✐❣❤❡r t❤❛♥ ✇❤❛t ✇♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ ❢r♦♠ ♦♥❧② ❤❡❛t✐♥❣ t❤❡ ♦✐❧s
✭❋✐❣✳ ✷✮✳
✶✸
❚❤❡ t♦t❛❧ ❡♠✐ss✐♦♥ ❢❛❝t♦rs ❢r♦♠ ❝❤❛r❜r♦✐❧✐♥❣ ❜❡❡❢ ✭✶✶ mg kg✲1✮ ❛♥❞ ❝❤✐❝❦❡♥ ✭✹ mg kg✲1✮ ❛r❡
❧♦✇❡r t❤❛♥ t❤♦s❡ ❢r♦♠ ❢r②✐♥❣ ♣r♦❝❡ss❡s✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t ❛ ❤✐❣❤❡r ❛♠♦✉♥t ♦❢ t❤❡ ❡♠✐ss✐♦♥s ❝♦♠❡
❢r♦♠ t❤❡ ✉s❡ ♦❢ ♦✐❧s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝❤❛r❜r♦✐❧✐♥❣ ♦❢ ❜✉r❣❡r ♣❛tt✐❡s r❡❧❡❛s❡s t♦t❛❧ ◆▼❖●
❡♠✐ss✐♦♥s ♦❢ ✺✽mg kg✲1 ✇❤✐❝❤ ✐s ❝♦♠♣❛r❛❜❧❡ t♦ ❤❡❛t❡❞ ✈❡❣❡t❛❜❧❡ ♦✐❧s ❛t t❤❡ s❛♠❡ t❡♠♣❡r❛t✉r❡
✭✶✽✵◦C✮✳ ❚❤✐s ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❤✐❣❤ ❢❛t ❝♦♥t❡♥t ♦❢ t❤❡ ❜✉r❣❡r ♣❛tt✐❡s✳ ❙✐♥❝❡ ❢❛t
✐♥ ❣r♦✉♥❞ ❜❡❡❢ ♠♦st❧② ❝♦♥s✐sts ♦❢ s❛t✉r❛t❡❞ ♦r s✐♥❣❧② ✉♥s❛t✉r❛t❡❞ ❢❛tt② ❛❝✐❞s✸✻ ✇❡ ♦❜s❡r✈❡
♠♦st❧② s❛t✉r❛t❡❞ ❛❧❞❡❤②❞❡s ✐♥ ❝♦♥tr❛st t♦ ♠♦r❡ ✉♥s❛t✉r❛t❡❞ ❛❧❞❡❤②❞❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❢r②✐♥❣
✇✐t❤ ♦✐❧s✳ ❚❤❡ ❜✉r❣❡r ♣❛tt✐❡s ❛r❡ t❤❡ ♦♥❧② s✐❣♥✐✜❝❛♥t ❡♠✐tt❡rs ♦❢ ♦❝t❛♥❛❧ ✭✼ mg kg✲1✮✳ ❚❤❡
❡♠✐ss✐♦♥s ❢r♦♠ ❝❤❛r❜r♦✐❧✐♥❣ ❜❡❡❢ ✭✇✐t❤♦✉t ♦✐❧✮ ❛r❡ ❞♦♠✐♥❛t❡❞ ❜② s♠❛❧❧ ❛❧❞❡❤②❞❡s ✭❛❜♦✉t
✺✵✪✮ ✐♥❞✐❝❛t✐♥❣ ❛❣❛✐♥ t❤❛t t❤❡ s♠❛❧❧ ❛❧❞❡❤②❞❡s ❛r❡ ♣r♦❞✉❝❡❞ ❢r♦♠ t❤❡ ♠❡❛t r❛t❤❡r t❤❡♥
❢r♦♠ t❤❡ ❤❡❛t❡❞ ♦✐❧s✳ ❖t❤❡r ❝♦♠♣♦✉♥❞s ❡♠✐tt❡❞ ❞✉r✐♥❣ t❤❡ ❝❤❛r❜r♦✐❧✐♥❣ ♦❢ ❜❡❡❢ ❛♥❞ ❝❤✐❝❦❡♥
❛r❡ ❈✽ ❛r♦♠❛t✐❝s ✭❈✽❍✶✵✱ ❡✳❣✳ ①②❧❡♥❡✮ ❛♥❞ ❛ ♥✐tr♦❣❡♥ ❝♦♥t❛✐♥✐♥❣ ❝♦♠♣♦✉♥❞ ✭❈✺❍✻◆✷✱ ❡✳❣✳
❛♠✐♥♦♣②r✐❞✐♥❡✮✳
❋r②✐♥❣ ❛♥❞ ❝❤❛r❜r♦✐❧✐♥❣ ♣r♦❝❡ss❡s ❛r❡ ✈❡r② ❝♦♠♠♦♥ ✐♥ ❞♦♠❡st✐❝ ❛♥❞ ❝♦♠♠❡r❝✐❛❧ ❦✐t❝❤❡♥s
❛♥❞ ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❧❛r❣❡ ❡♠✐ss✐♦♥s ♦❢ r❡❛❝t✐✈❡ ◆▼❖● ❛♥❞ t❤❡r❡❢♦r❡ ❡①♣❡❝t❡❞ t♦ ❞♦♠✲
✐♥❛t❡ ❣❛s ♣❤❛s❡ ❝♦♦❦✐♥❣ ❡♠✐ss✐♦♥s✳ ❲❡ ♦❜s❡r✈❡❞ t❤❛t ❤❡①❛♥❛❧ ❛♥❞ ♥♦♥❛♥❛❧ ✇❡r❡ ✉❜✐q✉✐t♦✉s
✐♥ ❛❧❧ ❡♠✐ss✐♦♥s ❢r♦♠ s❤❛❧❧♦✇ ❛♥❞ ❞❡❡♣ ❢r②✐♥❣ ✉s✐♥❣ ❞✐✛❡r❡♥t ♦✐❧s ❛♥❞ ❛❧s♦ ❢r♦♠ ❝❤❛r❜r♦✐❧✐♥❣✳
❲✐t❤ t❤❡✐r r❡❧❛t✐✈❡❧② ❧♦♥❣ ❛t♠♦s♣❤❡r✐❝ ❧✐❢❡✲t✐♠❡s ❛❣❛✐♥st t❤❡ ❖❍ r❛❞✐❝❛❧ ✭✶✽ ❤ ❢♦r ❤❡①❛♥❛❧
❛♥❞ ✶✺ ❤ ❢♦r ♥♦♥❛♥❛❧✱ ❢♦r ❖❍ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ 2× 106 molec cm✲3✮✱✸✼ ✇❡ s✉❣❣❡st t❤❛t ❤❡①✲
❛♥❛❧ ❛♥❞ ♥♦♥❛♥❛❧ ♠❛② ♣♦t❡♥t✐❛❧❧② ❝♦♥st✐t✉t❡ s✉✐t❛❜❧❡ ♠❛r❦❡rs ❢♦r ✐❞❡♥t✐❢②✐♥❣ ❣❛s ❛♥❞ ♣❛rt✐❝❧❡
♣❤❛s❡ ❝♦♦❦✐♥❣ ❡♠✐ss✐♦♥s ✐♥ ❛♠❜✐❡♥t ❛✐r✱ ✉s✐♥❣ ❛ P❚❘✲❚♦❋✲▼❙✳ ❋✉t✉r❡ ❛♠❜✐❡♥t st✉❞✐❡s s❤♦✉❧❞
✐♥s♣❡❝t t❤✐s ❤②♣♦t❤❡s✐s✱ ❜② ❡①❛♠✐♥✐♥❣ t❤❡ st❛❜✐❧✐t② ♦❢ ❡♠✐ss✐♦♥ r❛t✐♦s ❜❡t✇❡❡♥ t❤❡s❡ ♠❛r❦❡rs
❛♥❞ t♦t❛❧ ❡♠✐ss✐♦♥s ❛♥❞ ❜② ❛ss❡ss✐♥❣ ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ ♦t❤❡r ♣r♦❝❡ss❡s t❤❛t ♠❛② ❡♠✐t t❤❡s❡
❝♦♠♣♦✉♥❞s ✭❡✳❣✳ ❣r❛ss ❝✉tt✐♥❣ ♠❛② ❡♠✐t ❤❡①❛♥❛❧✸✽✮✳ ❘❛✇ s♣❡❝tr❛ ♦❢ ❛❧❧ ❝♦♦❦✐♥❣ ♣r♦❝❡ss❡s


































































❋✐❣✉r❡ ✺✿ ❘❡❧❛t✐✈❡ ❝♦♠♣♦s✐t✐♦♥ ✭✉♣♣❡r ♣❛♥❡❧✮✱ ❡♠✐ss✐♦♥ ❢❛❝t♦rs ✭♠✐❞❞❧❡ ♣❛♥❡❧✮ ❛♥❞ ❝♦♠✲
♣♦✉♥❞s ❝♦♥tr✐❜✉t✐♥❣ ♠♦r❡ t❤❛♥ ✺✪ t♦ t❤❡ t♦t❛❧ ♠❛ss ✭❧♦✇❡r ♣❛♥❡❧✮ ♦❢ ❜♦✐❧✐♥❣ ✈❡❣❡t❛❜❧❡s ❛s
♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ P❚❘✲❚♦❋✲▼❙✳ ❚❤❡ ❝♦♦❦✐♥❣ ♠❡t❤♦❞ ✐s ❜♦✐❧✐♥❣ ✐♥ ✇❛t❡r ❢♦r ❛❧❧ ❡①♣❡r✐✲
♠❡♥ts✳ ◆✉♠❜❡rs ✐♥ ❜r❛❝❦❡ts r❡♣r❡s❡♥t t❤❡ ♥✉♠❜❡r ♦❢ ❡①♣❡r✐♠❡♥t❛❧ r❡♣❡❛ts✳ ❚❤❡ ❡rr♦r ❜❛rs
✐♥❞✐❝❛t❡ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡s✳
❊♠✐ss✐♦♥s ❢r♦♠ ❜♦✐❧✐♥❣ ✈❡❣❡t❛❜❧❡s
❚❤❡ t♦t❛❧ ◆▼❖● ❡♠✐ss✐♦♥ ❢❛❝t♦rs ♦❜s❡r✈❡❞ ❢r♦♠ ❜♦✐❧✐♥❣ ✈❡❣❡t❛❜❧❡s ✇❡r❡ ❜❡t✇❡❡♥ ✹ mg kg✲1
❛♥❞ ✷✶ mg kg✲1✱ ❧♦✇❡r t❤❛♥ t❤❡ ❡♠✐ss✐♦♥ ❢❛❝t♦rs ❢r♦♠ ❢r②✐♥❣✳ ❙✐♠✐❧❛r t♦ ✈❡❣❡t❛❜❧❡ ❢r②✐♥❣✱ ✈❡❣✲
❡t❛❜❧❡ ❜♦✐❧✐♥❣ ❡♠✐ts ❧❛r❣❡ ❛♠♦✉♥ts ♦❢ ♠❡t❤❛♥♦❧ ✭✷ mg kg✲1 t♦ ✶✸ mg kg✲1✮✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦
✹✵✲✽✵✪ ♦❢ t❤❡ t♦t❛❧ ◆▼❖● ❡♠✐ss✐♦♥s✳ ❉✉r✐♥❣ ✈❡❣❡t❛❜❧❡ ❜♦✐❧✐♥❣✱ ✉♥✐q✉❡ ❝♦♠♣♦✉♥❞s s♣❡❝✐✜❝
t♦ ❞✐✛❡r❡♥t ✈❡❣❡t❛❜❧❡s ❝❛♥ ❜❡ ❞❡t❡❝t❡❞✳ ❍✐❣❤ ❡t❤❛♥♦❧ ❡♠✐ss✐♦♥s ✭✶ mg kg✲1✮ ❢r♦♠ ❝❛rr♦ts ❛♥❞
❛❝❡t❛❧❞❡❤②❞❡ ❡♠✐ss✐♦♥s ❢r♦♠ ❝❛rr♦ts ✭✵✳✺ mg kg✲1✮ ❛♥❞ ③✉❝❝❤✐♥✐ ✭✵✳✸ mg kg✲1✮ ❝♦✉❧❞ ♦r✐❣✐♥❛t❡
❢r♦♠ ❞r♦✉❣❤t str❡ss ❝♦♥❞✐t✐♦♥s ❞✉r✐♥❣ t❤❡ ❣r♦✇t❤✱ ♠❡❝❤❛♥✐❝❛❧ str❡ss ❛❢t❡r t❤❡ ❤❛r✈❡st ♦r st♦r✲
❛❣❡ ✉♥❞❡r ❧♦✇ ♦①②❣❡♥ ❝♦♥❞✐t✐♦♥s✳✸✾ ❇♦✐❧✐♥❣ ❝❛rr♦ts ❛❞❞✐t✐♦♥❛❧❧② ❡♠✐ts ❝♦♥s✐❞❡r❛❜❧❡ ❛♠♦✉♥ts
♦❢ s❡sq✉✐t❡r♣❡♥❡s ✭✵✳✸ mg kg✲1✮ ✇❤✐❝❤ ❛r❡ ❢♦r♠❡❞ ❞✉r✐♥❣ r♦♦t ❞❡✈❡❧♦♣♠❡♥t ✐♥ t❤❡ ♣❧❛♥ts✳✹✵
❲❤❡♥ ❜♦✐❧✐♥❣ ♦♥✐♦♥s✱ ❤✐❣❤ ❛♠♦✉♥ts ♦❢ ❛❝❡t♦♥❡ ✭✾ mg kg✲1✮ ✇❡r❡ ♠❡❛s✉r❡❞ ❞✉❡ t♦ t❤❡ ❤✐❣❤
❛❝❡t♦♥❡ ❝♦♥t❡♥t ✐♥ ♦♥✐♦♥s✳✹✶ ❇r♦❝❝♦❧✐ ❛♥❞ ❝❛❜❜❛❣❡ ✇❡r❡ ❢♦✉♥❞ t♦ ❡♠✐t ❜❡t✇❡❡♥ ✷✵ ❛♥❞ ✸✵✪ ♦❢
❈✷❍✻❙ ✭✸ mg kg
✲1 t♦ ✻ mg kg✲1✮✳ ❚❤✐s ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❞❡t❡❝t✐♦♥ ♦❢ ❞✐♠❡t❤②❧ s✉❧✜❞❡ ✐♥
✶✺
❝r✉❝✐❢❡r♦✉s ✈❡❣❡t❛❜❧❡ ♦✐❧ ❡①tr❛❝ts r❡♣♦rt❡❞ ❜② ❇✉tt❡r② ❡t ❛❧✳✹✷ ❍♦✇❡✈❡r✱ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢
❡t❤❛♥❡t❤✐♦❧ ❢r♦♠ t❤❡ ❤②❞r♦❧②s✐s ♦❢ ❣❧✉❝♦s✐♥♦❧❛t❡ ❝❛♥♥♦t ❜❡ ❡①❝❧✉❞❡❞✳✹✸ ❆❧❧②❧ ❝②❛♥✐❞❡ ❡♠✐tt❡❞
❜② ❜♦✐❧✐♥❣ ❝❛❜❜❛❣❡ ✭✵✳✹ mg kg✲1✮ ✐s ❢♦r♠❡❞ ❛s ❛♥t✐❢❡❡❞❛♥t ✐♥ t❤❡ ♣❧❛♥t✳✹✹ ❊♠✐ss✐♦♥ ❢❛❝t♦rs
❢r♦♠ ❜♦✐❧✐♥❣ ♣❛st❛ ❛♥❞ r✐❝❡ ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ❜✉t ❛r❡ ♥♦t s❤♦✇♥ ❤❡r❡ ❜❡❝❛✉s❡ t❤❡② ✇❡r❡ ♥♦t
s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r t❤❛♥ t❤❡ ❜❛❝❦❣r♦✉♥❞✳
■♠♣❧✐❝❛t✐♦♥s ❢♦r ✐♥❞♦♦r ❛✐r
❆❧❞❡❤②❞❡s ❛r❡ ❦♥♦✇♥ t♦ ✐rr✐t❛t❡ t❤❡ ❡②❡s ❛♥❞ t❤❡ r❡s♣✐r❛t♦r② tr❛❝t ❛t ❤✐❣❤ ❝♦♥❝❡♥tr❛t✐♦♥s✳✹✺
❇❛s❡❞ ♦♥ t❤❡ ❝❛❧❝✉❧❛t❡❞ ❡♠✐ss✐♦♥ ❢❛❝t♦rs✱ ✇❡ ❤❛✈❡ ❡st✐♠❛t❡❞ t❤❡ ♣♦t❡♥t✐❛❧ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢
✐♥❞✐✈✐❞✉❛❧ ❛❧❞❡❤②❞❡s ✐♥ ❛ ✹✵ m3 ❦✐t❝❤❡♥ ✇✐t❤♦✉t ✈❡♥t✐❧❛t✐♦♥ ❛❢t❡r ❝♦♦❦✐♥❣ ✶ ❦❣ ♦❢ ❢♦♦❞ ❢♦r ✶✵
♠✐♥✱ ❛♥❞ ❝♦♠♣❛r❡❞ t❤❡♠ t♦ ❡①♣♦s✉r❡ ❧✐♠✐ts ✐♥ ♣❧❛❝❡ ✐♥ s♦♠❡ ❝♦✉♥tr✐❡s ♦r t❤r❡s❤♦❧❞s r❡♣♦rt❡❞
✐♥ ❧✐t❡r❛t✉r❡✳ ❆✐r ❡①❝❤❛♥❣❡ r❛t❡s t②♣✐❝❛❧ ♦❢ r❡s✐❞❡♥t✐❛❧ ❦✐t❝❤❡♥s ✭✵✳✻ ❤✲✶✮ ❞✉r✐♥❣ t❤❡ s❤♦rt
❝♦♦❦✐♥❣ t✐♠❡ ❤❛✈❡ ♦♥❧② ❛ ♠✐♥♦r ❡✛❡❝t ✭❁✷✵✪✮ ❛♥❞ t❤❡r❡❢♦r❡ ✇✐❧❧ ♥♦t ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳
❆❝❡t❛❧❞❡❤②❞❡ ✐s ❝❧❛ss✐✜❡❞ ❜② t❤❡ ■❆❘❈ ❛s ❛ ❣r♦✉♣ ✷❜ ❝❛r❝✐♥♦❣❡♥ ✭♣♦ss✐❜❧② ❝❛r❝✐♥♦❣❡♥✐❝✮✱ ❛t
❝❤r♦♥✐❝ ❡①♣♦s✉r❡ ♦❢ ✵✳✵✵✸ mgm✲3✳✹✻ ❋r②✐♥❣ ✐♥ s✉♥✢♦✇❡r ♦✐❧ ❧❡❛❞s t♦ ✷✵✲❢♦❧❞ ❤✐❣❤❡r ❝♦♥❝❡♥✲
tr❛t✐♦♥s ♦❢ ❛❝❡t❛❧❞❡❤②❞❡✳ ❚❤❡ ●❡r♠❛♥ st❛t✉t♦r② ❛❝❝✐❞❡♥t ✐♥s✉r❛♥❝❡ s❡ts ❛ ✇♦r❦♣❧❛❝❡ ❧✐♠✐t
♦❢ ✵✳✵✸ mgm✲3 ❢♦r ❤❡①❛♥❛❧ ✭❛s ❛♥ ❛✈❡r❛❣❡ ♦✈❡r ✽ ❤♦✉rs✮ ✇❤✐❝❤ ✐s ❡①❝❡❡❞❡❞ ❜② ✉♣ t♦ ✺ t✐♠❡s✱
✇❤❡♥ ❝♦♦❦✐♥❣ ❜✉r❣❡r ♣❛tt✐❡s✳ ❚❤❡ ❆✉str❛❧✐❛♥ ❣♦✈❡r♥♠❡♥t s❡ts ❛ ✇♦r❦♣❧❛❝❡ ❡✐❣❤t✲❤♦✉r ❛✈❡r✲
❛❣❡ ❧✐♠✐t ❢♦r ❡①♣♦s✉r❡ t♦ ❛❝r♦❧❡✐♥ ♦❢ ✵✳✷✸ mgm✲3 ❛♥❞ t❤❡ ❊P❆ ❆●❊▲✲✶ ❧✐♠✐t ✐s ✵✳✵✼ mgm✲3✳
❇♦t❤ ❧✐♠✐ts ❝❛♥ ❜❡ r❡❛❞✐❧② ❡①❝❡❡❞❡❞ ❜② ♠♦st ♦❢ t❤❡ ❢r②✐♥❣ ♣r♦❝❡ss❡s✳ ❉❡❡♣ ❢r②✐♥❣ ✐♥ s✉♥✢♦✇❡r
♦✐❧ ✇♦✉❧❞ r❡s✉❧t ✐♥ ❛ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ✵✳✷✺ mgm✲3 ♦❢ ✷✱✹✲❞❡❝❛❞✐❡♥❛❧✱ ✇❤✐❝❤ ✐s s✉s♣❡❝t❡❞ t♦
✐♥❝r❡❛s❡ t❤❡ r✐s❦ ♦❢ ❧✉♥❣ ❝❛♥❝❡r✳✹✼ ■♥ ❣❡♥❡r❛❧✱ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ t❤❡ ❞❡t❡❝t❡❞ ❝♦♠♣♦✉♥❞s
✐♥❝❧✉❞✐♥❣ ✉♥s❛t✉r❛t❡❞ ❛❧❞❡❤②❞❡s ❢r♦♠ ❤❡❛t❡❞ ❢❛ts ♦r s✉❧♣❤✉r ❛♥❞ ♥✐tr♦❣❡♥ ❝♦♥t❛✐♥✐♥❣ s♣❡❝✐❡s
❢r♦♠ ✈❡❣❡t❛❜❧❡ ❜♦✐❧✐♥❣ ❛r❡ ♥♦t♦r✐♦✉s ❢♦r t❤❡✐r ❞❡❧❡t❡r✐♦✉s ✐♠♣❛❝t ♦♥ ❤✉♠❛♥ ❤❡❛❧t❤✳ ❲❤✐❧❡
s✉❝❤ ✐♠♣❛❝t ❝❛♥ ❜❡ ❞✐♠✐♥✐s❤❡❞ ✇✐t❤ ❛ ♣r♦♣❡r ✈❡♥t✐❧❛t✐♦♥ s②st❡♠ ❢✉rt❤❡r st✉❞✐❡s ❛r❡ r❡q✉✐r❡❞
❢♦r ❛ss❡ss✐♥❣ t❤❡ ❤❡❛❧t❤ ❡✛❡❝ts ♦❢ ❝♦♦❦✐♥❣ ❡♠✐ss✐♦♥s ❛♥❞ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❦✐t❝❤❡♥ s❡t✲✉♣✳
✶✻
❆❝❦♥♦✇❧❡❞❣❡♠❡♥t
❚❤✐s ✇♦r❦ ✇❛s s✉♣♣♦rt❡❞ ❜② t❤❡ ❙✇✐ss ◆❛t✐♦♥❛❧ ❙❝✐❡♥❝❡ ❋♦✉♥❞❛t✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡ ❙✇✐ss ❋❡❞✲
❡r❛❧ ❖✣❝❡ ❢♦r t❤❡ ❊♥✈✐r♦♥♠❡♥t✳ ❚❤❡ r❡s❡❛r❝❤ ❧❡❛❞✐♥❣ t♦ t❤❡s❡ r❡s✉❧ts ❤❛s r❡❝❡✐✈❡❞ ❢✉♥❞✐♥❣
❢r♦♠ t❤❡ ❊✉r♦♣❡❛♥ ❈♦♠♠✉♥✐t②✬s ❙❡✈❡♥t❤ ❋r❛♠❡✇♦r❦ Pr♦❣r❛♠♠❡ ✭❋P✼✴✷✵✵✼✲✷✵✶✸✮ ✉♥❞❡r
❣r❛♥t ❛❣r❡❡♠❡♥t ♥✳◦ ✷✾✵✻✵✺ ✭❈❖❋❯◆❉✿ P❙■✲❋❊▲▲❖❲✮✳ ◆❛♦♠✐ ❋❛rr❡♥ t❤❛♥❦s t❤❡ ◆❛t✉r❛❧
❊♥✈✐r♦♥♠❡♥t ❘❡s❡❛r❝❤ ❈♦✉♥❝✐❧ ✭◆❊❘❈✮ ❢♦r ❛ P❤❉ st✉❞❡♥ts❤✐♣✳ ❆ s♣❡❝✐❛❧ t❤❛♥❦ t♦ ❘❡♥é
❘✐❝❤t❡r ❢♦r ❤✐s ✈❛❧✉❛❜❧❡ t❡❝❤♥✐❝❛❧ ❛ss✐st❛♥❝❡ ❞✉r✐♥❣ t❤❡ ❝❛♠♣❛✐❣♥s✳ ❲❡ ✇♦✉❧❞ ❛❧s♦ ❧✐❦❡ t♦
t❤❛♥❦ ◆❡✐❧ ❍❛rr✐s✱ ❯♥✐✈❡rs✐t② ♦❢ ❨♦r❦ ❢♦r ✉s❡ ♦❢ t❤❡ st❛✐♥❧❡ss st❡❡❧ r❡❛❝t♦r✳ ❲❡ ❛❧s♦ ❛❝❦♥♦✇❧✲
❡❞❣❡ t❤❡ ▼❆❙❙❆▲❨❆ ✐♥str✉♠❡♥t❛❧ ♣❧❛t❢♦r♠ ✭❆✐① ▼❛rs❡✐❧❧❡ ❯♥✐✈❡rs✐té✱ ❧❝❡✳✉♥✐✈✲❛♠✉✳❢r✮ ❢♦r
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Sunflower oil emissions 
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